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LITERATURE REVIEW 
Genetic linkage maps 
Genetic linkage maps estimate the relative position of loci on chromosomes. As the 
name implies, these genetic maps are based on the principle of loci linked together by their 
physical positions on a chromosome. Correns, Bateson, and Punnet noted genetic linkage in 
1905 when two loci in the sweet pea did not sort independently. They .noticed that two 
phenotypes appeared more frequently together than could be expected through random 
assortment of the chromosomes. This led them to develop an explanation for this phenotypic 
non-random association. This is now known as a test for independent assortment. used for 
detecting linkage between loci. The loci are considered linked if they do not adhere to 
Mendel's law of independent assortment, i.e., the loci do not sort independently. It is 
assumed that the loci are linked because they reside on the same chromosome. 
In 1912, Morgan created the first linkage map of Drosophila based on phenotypic 
traits. This was performed by finding phenotypic traits that were inherited together at a rate 
higher than could be expected through random assortment of chromosomes. The loci 
responsible for the phenotypes inherited together were considered genetically linked. The 
more frequently the traits were inherited together, the closer the genetic distance on a 
chromosome. Using this method of phenotypic trait inheritance, linkage maps can be created 
to establish loci order and calculate relative distances between linked loci. Genetic mapping 
has progressed greatly over the decades, and in 1980, Botstein et al. published genetic maps 
using RFLPs in humans. 
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Genetic maps are _created by forming linkage groups of loci and then ordering the loci 
within the linkage groups. There is a higher probability that more recombination events will 
occur between loci spaced further apart than between loci closer together. These 
recombination events are measured by calculating the recombination fraction between two 
loci. A recombination fraction (R) is the measure of recombinant gametes to the total 
number of gametes. For linked loci, the recombination fraction is less than 0.5. A 
recombination fraction greater or equal to 0.5 signifies unlinked loci. Within linked loci, R 
increases for- loci further apart, and decreases for more closely linked loci. 
Maize linkage maps 
Genetic maps are widely used research tools for genetic research and crop 
improvement in maize and other grasses, such as wheat, oats, barley, sorghum, and rice. 
These maps provide an important resource to locate and order genes within large genomes 
without requiring knowledge of the full genome sequence. This is particularly useful in 
maize, which has a relatively large and complex genome. The physical size of the maize 
haploid genome is 2,500. Megabases, resulting in a genome more than three times the- size of 
sorghum (750 Mb) and more than five times the size of rice (430 Mb) but half the size of 
barley (4,900 Mb). Retrotransposons and other highly repetitive elements comprise 60-80% 
of the _maize genome (San Miguel, et al., 1996) and are the source of much of the differences 
in genome sizes within the different grass species. In contrast, genes are believed to make up 
no more than 15% of the maize genome (Bennetzen, 2000). Maize genetic maps provide a 
valuable way. to find the locations of these genes within the large maize genome. 
Genetic mapping studies have changed in their methods for detecting linkage from 
observing linkage of different phenotypes to observing linkage of polymorphic loci. The first 
maize genetic map was created in 193 5 using morphological traits, such as pericarp color, 
male sterility, narrow leaves,. tassel branching, and silk color (Emerson, et al., l 935). 
Through the method of analyzing the linkage of these morphological variations, Emerson and 
colleagues were able. to genetically map 62 maize loci. In 1986, the first molecular marker 
maize map was published with 116 cDNA probes. (Helentjaris et al., 1986), and was followed. 
in 1988 by a maize RFLP map -using two recombinant inbred families (Burr et al., 1988). 
The simple sequence repeat (SSR) markers were more amenable to high-throughput mapping 
and have been used to create a denser genetic map (Taramino and Tingey, 1996). 
The IBM mapping population 
Many genetic maps have been created for maize, but one of the most widely used is 
the Intermated B73xMo 17 (IBM) mapping population. Well-documented diverse inbreds, 
B73 and Mo 17, were chosen as parents of the IBM mapping population because of their high 
degree of polymorphism at many loci. B73, a Reid Yellow Dent, was derived out of the 
Iowa Stiff Stalk Synthetic (BSSS) breeding program and was registered in 1972 by W.A. 
Russell of Iowa State University (Russell, 19.72). B73 was a commercially valuable inbred 
making up 16% of the total U.S. seed requirements in 1980 (Troyer, 2000). This inbred is a 
yellow endosperm variety, with a smooth dent kernel, brittle tassel, and erect leaves (ARS-
GRIN, 2003). M.S. Zuber developed Mo 17 from Lancaster Sure Crop germplasm at the 
University of Missouri and registered it in 1973 (Zuber, 1973). Mo 17 is also a yellow 
endosperm variety, with some resistance to leaf blight, and a flintier kernel than B73 (ARS-
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GRIN, 2003). The diversity in the germplasm of these parents contributed to heterosis in the 
F 1, and the economically successful hybrid B73xMo 17 was first commercially grown in 1973 
(Troyer, 2000). In 1979, B73 or Mo 17 was found in the pedigree of 28% of all corn planted 
in the US (Gethi, et al., 2002). Because of their high degree of polymorphism and wide 
usage within many. pedigrees, the elite maize. lines B73 and Mo 17 were selected as parents of 
a mapping population. 
The IBM mapping population was intermated to create a higher resolution map by 
increasing the total number of meioses within the population and thus the total number of 
recombination events. The IBM population was created with an initial cross of B73 x Mo 17. 
The F 1 was selfed to generate the F2. Then individual plants were crossed to a different 
member of the population, This intermating step _was repeated for an additional three 
generations. Recombinant inbred lines (RILs) were then created from this intermated 
population. The resulting population was designated as IBM syn4 for the synthetic 
population collection of lines intermated for four generations. 
The IBM intermated population has been used for genetic mapping since its inception 
in 1992 (Beavis et al., 1992). Since the syn4 lines are RILs, they can be continually 
propagated to maintain a constant stock of the same mapping lines. This has allowed 
mapping data to be collected on the same population lines for more than a decade. The result 
is an IBM syn4 genetic map with map positions for more than 1,800 RFLPs and SSRs (Cone 
et al., 2002). 
One limitation of the IBM map is that it can only genetically position genetic markers 
that are polymorphic between B73 and Mo 17. To gain additional value from other genetic 
markers, the IBM "neighbors" map is used to estimate a location on IBM by combining maps 
that have markers in common. 
Genetic map resolution 
Genetic map resolution is the ability to detect recombination events between closely 
linked loci and establish a loci order. Map resolution in a population can be improved by 
increasing the number of recombination events between loci. This can be accomplished by 
either increasing the number of individuals in the population or intermating the individuals 
for several generations before creating the mapping lines. Intermating is a beneficial 
population structure because it increases the amount of recombination in a population 
without requiring more genotyping. 
High-resolution mapping using intermated lines was modeled in Arabido~sis thaliana 
by Liu et al., (1996). Using fifty loci, they genotyped a F2 population, a recombinant inbred 
(RI) population, and a population intermated for four generations. In several regions, the loci 
order could not be resolved with confidence in the F2 population, but could be resolved in 
the RI and intermated populations. According to Lui et al., map expansion in the intermated 
population was largest between closely linked loci, i.e., r --~ 0. This study showed that 
intermated populations enable high-resolution genetic mapping in plant populations. 
The benefit of intermated populations was demonstrated in maize by Beavis et al., 
(1992) in a study using RFLPs to compare the recombination fractions between adjacent loci 
in both IBM syn0 and IBM syn5. They detected a 2.65 fold increase in recombination from 
five generations of intermating. A study by Lee et al. (2002) used 190 S SRs to construct 
genetic maps of IBM syn0 and IBM syn5 and found increased recombination in 91 % of the 
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syn5 loci intervals. The amount of recombination between adjacent loci was calculated to be 
2.70 fold higher in the syn5 population than the syn0, an amount in agreement with the 
Beavis .study. 
The affect of intermating in a recombinant inbred population was calculated by 
Winkler et al., (2003). They developed an equation that calculated the expected 
recombination fraction (R) observed after t generations of intermating, based on any given 
recombination fraction adjusted to a per meiosis basis (r). For example, with this formula, it 
is possible to calculate the map expansion expected in a syn4 and syn10 population of a 10 
cM interval in a F2 population. 
Meiotic recombination and linkage maps 
The biological basis of genetic linkage maps is meiotic recombination, and factors 
affecting rates of recombination or the distribution of recombination events will alter genetic 
map distances. Since a linkage map is a function of recombination, environmental and 
genetic factors affecting recombination will impact a genetic linkage map. The genetic 
recombination that occurs along the chromosome is not completely random. Much effort has 
been applied to answer the questions of how recombination occurs and why some 
chromosomal regions are more susceptible to recombination. The answer to these questions 
will aid us in better understanding evolutionary change, genetic linkage, and allelic diversity.. 
Meiosis creates recombinant gametes from diploid parental cells. Meiotic 
recombination occurs during the prophase of meiosis I. In the synaptonemal complex (SC), 
DNA is synapsed in a series of chromatin loops that bring together homologous chromatids. 
Every synaptonemal complex (SC) has at least one recombinational nodule (RN), which is 
believed to be a complex of proteins needed for recombination (Paques et al. 1999). The 
number and distribution of RNs correspond to the number and distribution of crossovers. 
The chiasmata ensure proper disjunction during meiosis I by forming a physical link 
between the chromatids. Mutations that reduce crossovers increase nondisjunction. In 
chromosome 4 in Drosophila, there is no recombination. This dot chromosome relies on 
Nod proteins to help prevent nondisjunction (Roeder 1997). In general, all chromosomes 
have an obligate chiasma (at least one crossover per chromosome). 
Strong evidence suggests all meiotic eukaryote recombination is initiated through 
double stranded breaks (DSB). This evidence comes from many studies in S. cerevisiae, a 
model system for studying meiotic recombination. There -are about 100 crossovers per 
meiosis in yeast. Double strand breaks are site specific but not sequence specific. The 
enzyme Spol 1p is responsible for making DSB only in the DNA that was replicated in the 
meiotic S phase (Paques et al. 1999). 
Factors affecting map distance: Recombination rates 
The ratio of genetic to physical distances is not uniform across a genome. 
Recombination "hot spots" and cold spots" are regions with recombination rates much .higher 
and lower, respectively, -than the genome average. The frequency of recombination can vary 
several orders of magnitude from one region to another (Paques et al., 1999). Several 
physical structures of the chromosome, such as centromeres and telomeres, are well- 
documented regions of suppressed recombination. In a study comparing levels of 
heterozygosity in D. si~nulans, the centromeric regions were severely reduced compared to 
non-centromeric regions (Begun, 2002). The suppressed recombination in the centromere 
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would disproportionately. increase genetic map distances in the arms of the chromosome. 
The centromeric region would have an increased ratio of physical to genetic distance 
compared to non-centromeric regions. 
Crossover interference also is a factor in determining a site of recombination. A 
crossover at a SC will often inhibit the formation of other crossovers in the vicinity. In 
small chromosomes, there is more recombination per physical distance than in large 
chromosomes, probably due to obligate chiasma. 
Recombination rates in gene-rich regions 
In many organisms, including grass species such as wheat and maize, recombination 
appears to occur more frequently in genes. A gene-rich region on wheat chromosome SB is 
4% of the physical size of the chromosome yet encompasses 30% of the recombination 
occurring in that chromosome (Faris et al., 2000). This represents an 11 fold greater than 
normal recombination rate. Even though over 60% of the maize genome consists of 
retrotransposons and other highly repetitive elements (Meyers et al., 2001), most of the 
known recombinational hotspots in the maize genome are in genes (Yao et al., 2002). 
Gene-rich regions often have higher G/C contents than other regions of the genome.- 
In acomparison of physical sequence and genetic map data for 8,244 human introns, 
recombination rate was significantly correlated with GC content (r=0.2829, P<0.001) 
(Fullerton et al., 2001). This correlation could be cause or could be an effect: recombination 
could occur more frequently in GC rich regions, or recombination could cause increases in 
G/C .content through a mutational bias toward G/C bases. 
In an effort to understand the positioning of recombination hotspots, Yao and 
colleagues tracked the recombination sites in a 140-kb interval in maize .(Yao et al., 2002). 
The al -sh2 interval is made up of four genes (al, yzl, xl, and sh2) and intergenic sequences, 
much of which is repetitive DNA. The al (colored aleurone) and sh2 (shrunken) genes 
provided easily screenable phenotypes to select non-parental recombinant genotypes. This 
region on chromosome 3 has a ratio of physical to genetic distance of 1560 kb/cM. In this 
study, 1 O1 recombinants were recovered from the parental cross. The positions of the 
recombination sites were roughly determined by using six RFLP from the region. Then the 
recombination positions were finely mapped using single nucleotide polymorphisms between 
the parents. 
.The 101 recombination sites were not distributed randomly. across the. interval, but 
instead were concentrated in three recombination hot spots. Two of the hot spots were genic, 
mapping within the al and yzl genes. One of the hotspots was not genic, instead mapping to 
a nongenic interloop region (IR). There were thirty-four recombination breakpoints mapped 
to this IR of 2.2 kb. This finding helps dismiss the hypothesis that all recombination hot 
spots are in genic regions. It could be that hotspots reside in genic regions or in closer 
proximity to genes., Areas of the chromosome with a dearth of genes may not be suitable 
recombination sites. 
Within the 140kb interval is a stretch of ~80kb of highly repetitive DNA including 
retrotransposons. Interestingly only one recombination breakpoint was found in this region 
even though it comprises over 50% of the interval studied. The genetic to physical distance 
ratio in this region is 0.0087 cM/Mb, which is less than 0.5% of the genome average (Civardi 
et al., 1994). This suggests that the large amount of the maize genome made up of 
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retrotransposons maybe relatively recombinationally inactive and thus. underrepresented in 
genetic map distances. 
.With recombination occurring mainly in genes in maize, the recombination distance 
between two loci can be influenced by the .number of genic regions in the intervening 
sequence (Fu and Dooner, 2002). An interval on a chromosome containing multiple genes, 
and therefore possibly greater than average amounts of recombination, could display a 
disproportionately large genetic distance, when compared to an interval with intergenic 
sequence. 
Although most previously characterized recombination hotspots reside in genes, this 
may not be an accurate assessment of recombination in maize. Most recombination studies 
conducted to date have concentrated on genic regions, since ESTs are the most available 
sequences. Once these studies expand to nongenic regions, our understanding of 
recombination hotspots maybe altered. 
Recombination rates and transcription 
The initiation of transcription involves chromatin remodeling, repositioning of 
nucleosomes, and changes in histone modifications; all are alterations that increase the DNA 
accessibility for potential DSBs possibly leading to recombination events. In S. cerevisiae, 
DSB sites are often located in promoter regions. The a-hotspots of S. cerevisiae are hotspots. 
that require the binding of a transcription factor, and maybe regulated by adjusting the 
amount of transcription factor produced (Abdullah and Horts, 2001). Abdullah and 
colleagues diminished and then deleted the production of the leucine zipper transcription 
factor Gcn4p, which affects over 500 genes involved in amino acid synthesis. They found 
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that meiotic recombination decreased at some of the loci, but not all of them. They also 
showed that genetic map distance decreased in some intervals. At the interval HIS4, which is 
normally a recombinational hot spot, the map_ distance was decreased by 30%. This suggests 
the binding of transcription factors at these a-hotspots may affect .recombination rate. 
Another explanation would be that genes necessary for proper meiotic recombination were 
turned off without the Gcn4p transcription factor. 
Recombination rates and chromatin remodeling 
Chromatin packaging at a potential recombination site may need to be loosened for a 
recombination-initiating DSB to occur. In S. cerevisiae ail known DSB sites are found in 
nucleosome free regions that show hypersensitivity to Dnase I and micrococcal nuclease 
(MNase) (Nicolas, 1998). This may allow DNA accessibility for the recombination complex, 
such as the topoisomerase Spol 1p responsible for making DSBs. It has also been shown that 
the more heterochromatic short arm of rice chromosome 10 has a lower recombination 
frequency than the more euchromatic long arm (Cheng et al. 2001). 
To assay the effects of nucleosomes on recombination activity, repetitive DNA 
sequences that exclude nucleosomes were added to a regulatory region in S. cerevisiae 
(Kirkpatrick et al., 1999). Either 12 or 48 tandem copies of CCGNN were added to the 
upstream region of the HIS4 gene. They found that both (CCGNN)12 and (CCGNN)48
created the open chromatin necessary for transcription. The (CCGNN)12 insertion resulted in 
a recombination hotspot. Interestingly, the (CCGNN)48 insertion led to a cold spot. The 
authors hypothesized that the cold spot was due to competitive interactions between hot 
spots. They propose that if two or more hot spot are in proximity, then both will have a 
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reduced efficacy. This sort of cold spot has not been well studied. Abetter understanding of 
the relationship between chromotin remodeling and the honing of recombination event could 
allow for predictions of recombination rates along a chromosome. 
Conclusions 
Genetics maps can. increase mapping resolution by increasing the opportunities for 
recombination events between linked loci before .mapping. Within plant species, this can be 
accomplished by intermating an F2 .population for multiple generations to increase the 
frequency of recombination events in the population. These randomly intermated 
populations provide higher resolution genetic mapping potentially with fewer individuals 
than required in a F2 mapping population. 
Genetic map distances cannot be .given a uniform physical distance (i.e., cM/Mb) 
because recombination does not occur evenly along the length of a chromosome. Instead, 
there are. recombination hotspots and recombination coldspots, causing magnitudes of 
variation in recombination rates within a genome. Several- factors affect the positioning of 
recombination .events including physical structures, such as the centromere, neocentromeres, 
and telomeres, chromotin packaging, and interference from nearby recombination events. 
Chromatin remodeling, gene-rich regions, and areas of_transcription can also affect 
recombination rates. There is strong evidence that tight chromatin packaging reduces the 
amount of recombination in that region. It is possible that the recombination in prophase I of 
meiosis occurs preferentially in loose chromatin regions, possibly in genes being .transcribed 
at that time. This -could greatly affect ahigh-resolution genetic map because certain regions 
of the chromosomes would be over-represented on the genetic map. Other,. -more inactive 
13 
regions would be under-represented and have a lower map resolution. This question could be 
solved once we link the more of the genetic map to the physical map. We could then identify 
intervals either over- or under-represented in the genetic map and see if they contained genes 
transcriptionally active during meiosis. By examining the relationship between 
recombination rates and these modifying factors, the placement of recombination events can 
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HIGH-RESOLUTION GENETIC MAPPING OF CHROMOSOME 1 IN MAIZE 
THROUGH INCREASED RECOMBINATION FROM TEN GENERATIONS OF 
RECURRENT INTERMATING 
Jennifer S. Jaqueth and Michael Lee 
Abstract 
Additional generations of random mating in a mapping population increases the 
probability of observing a recombination event between linked loci. Genetic maps of maize 
chromosome 1 were created. to examine the affect of increased generations of random mating 
in two mapping populations and to compare recombination fractions between the 
populations. The two mapping populations were IBM syn4, with four generations of random 
intermating after the F2, and IBM syn 10, with ten generations of random mating intermating 
after the F2. Segregation data for 94 IBM syn4 lines and for 94 IBM syn 10 lines were 
collected at 75 SSR loci_ dispersed along chromosome 1. The best loci order was estimated 
using MapMaker and recombination fractions were calculated and adjusted to an single 
meiosis basis. A 1. S 3-fold increase in recombination fractions was observed in the syn 10 
population compared to the syn4. The SSR loci formed fewer linkage groups within 
chromosome 1 in the IBM syn4 population (three linkage groups for syn4 vs. ten linkage 
groups for syn 10), but the IBM syn 10 population had a better ability to order the loci, .with 
10% more loci having significant map order. Because of increased recombination between 
linked loci, the IBM syn 10 population is suitable for projects needing higher-resolution 
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mapping, such as positional cloning and marker-assisted selection. To maximize the 
potential of the IBM syn 10 _population, however, it requires either a higher marker density or 
to be used in conjunction with framework map information from a lower resolution map. 
Introduction 
High-resolution genetic maps can aid in linking a phenotype with a candidate gene 
with a level of map resolution to positionally clone the candidate gene. Positional cloning of 
candidate genes will allow researchers to specifically observe the function of the gene 
causing a trait. Genetic maps can be used in marker-assisted selection (MAS) to identify 
QTL regions. The genetic ordering of ESTs has been used to the compare the phylogeny of 
related grass species (Davis, et al., 1999). 
The SSR map of the Intermated B73 x Mo17 (IBM) population is the most thorough 
SSR loci map of any plant species (Sharopova et al., 2002). This population was created by 
a cross of B73 x Mo17 and then was randomly intermated for four generations. This 
mapping population, IBM syn4, is commonly refered to as IBM2 and is maintained at 
www.maizegdb.org. Over 700 SSR loci were used to develop this map on the IBM syn4 
population resulting in an average SSR loci density of 6.6 cM (Sharopova et al., 2002). In 
total, the IBM2 Genetic Maps have been employed to delineate almost 2000 SSR and RFLP 
loci (MaizeGDB). 
With the rapid increase in the number of loci mapped in the current IBM syn4 
population, a resolution threshold maybe reached in which closely linked loci cannot be 
uncoupled. When using a large number of markers, the number of recombination events, 
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altered by either population size or number of meioses, becomes the limiting factor for map 
density. The lack of recombinants between closely linked loci limits the resolving power of 
the map. Since large population sizes reduce assay efficiency, the recombination events are 
best increased through further generations of intermating. 
A mapping population generated through random mating potentially provides a 
higher resolution map than one from an F2 or recombinant inbred population (Beavis, et al., 
1992; Liu, et al., 1996). Five generations of intermating increased genetic resolution in 91 
of the loci intervals (Lee et al., 2002). 
Randomly intermated populations have an increased number of recombinants for each 
generation of intermating. This greater number of recombinations is needed to create a 
higher resolution map necessary for many new gene discovery projects. With the advances 
in the maize physical mapping projects, such as the integrated genetic and physical map tool 
(iMap, version 1.0) there is a strong desire to link the physical and genetic maps. To link the 
BAC contigs to the genetic map, ahigh-density genetic map is needed because it could 
enable map-based cloning. To create a genetic map at this -level of resolution from IBM 
syn4, a large population size would be required to establish that level of detectable 
recombinants. For IBM syn4, a threshold of resolution ability maybe reached, in which it is 
not feasible to .uncouple tight linkages without greatly increasing the population size. For 
example, at coordinate position 217 on chromosome 1 of the IBM syn4 map, no 
recombinants were detected between umcl l a, bn1g1484, and npi234a, suggesting this 
linkage could not be uncoupled in the IBM syn4 population. Another example is near the 
chromosome 1 centromere at position S 3 5.1 on the IBM syn4 map, where loci mmp123, 
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umc1035, and umc1709 are unable to be resolved at the resolution level inherent in IBM 
syn4. 
A population has been created with six additional generations of random mating after 
the syn4 generation. This population, IBM syn 10, and may allow_ for finer mapping of loci 
through increased recombination frequency. 
Our goal in this study was to assess the IBM syn10 population as a potential high-
resolution maize mapping population. Our first objective was to compare recombination 
fractions between the adjacent loci in the syn4 and syn 10 mapping populations and to 
calculate increases and decreases between loci intervals. The increased recombination 
fractions were quantitated between the syn4 and syn 10 populations. The second objective 
was to create a linkage map of chromosome 1 to determine if six additional generations of 
random mating resulted in a better ability to order closely linked loci. 
Materials and methods 
Plant material 
IBM syn4 population 
The IBM syn4 population is ahigh-resolution genetic mapping population in use by 
the maize community. The Intermated B73 x Mo17 (IBM) population was formed from a 
cross of B73 and Mo17 (Figure 1). The F1 was selfed to produce the F2 generation. Within 
the F2 generation, the individual plants were used only once, as a male or female; in a cross 
with another plant in a process known as random intermating (RM). A seed was collected 
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from each ear to form the synl generation. This random mating procedure was repeated for 
three additional generations to generate the syn4 generation (Lee et al., 2002). Recombinant 
inbred lines (RILs) were then developed from this intermated population by selfing through 
single seed descent to a highly homozygous state. 
IBM syn10 population 
The IBM syn10 population has the same population structure as the syn4 population, 
only it was randomly intermated for ten generations instead of four generations (Figure 1). 
Recombinant inbred lines were developed from this heterogeneous IBM syn10 population 
using a doubled haploid (DH) process. In this process, the plants are crossed with an inbred 
that induces kernel formation without nuclear fertilization. These haploid plants are treated 
with a chromosomal doubling agent that returns the plants to a diploid state. The IBM syn10 
plants should have homozygous loci without the need for 8-10 generations of self- 
pollination. 
Mapping population size 
Genetic mapping was performed with one 96-well plate of DNA for each population. 
Despite the availability of 300 IBM syn4 mapping lines, many lab groups choose to use the 
smaller mapping set of 94 lines because their need for an efficient mapping method 
outweighs the advantages of better resolution. For IBM syn4, the panel of 94 lines 
commonly used from the Maize mapping project were selected for this 96 well plate 
(www.maizemap.org) along with the mapping parents, inbred lines B73 and Mo 17. 
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For the IBM syn10 population, 94 mapping lines were selected from 600 available 
lines. The selection criteria were based on the presence of only the expected parental alleles. 
With ten generations of intermating, there is greater risk for contamination (e.g. mixture of 
seed and foreign pollen). The ~6001ines of the IBM syn10 population were screened with 
twelve SSR loci (Table 1) to identify lines with non-parental alleles. A set of 94 IBM 
SYN l O lines was compiled from the lines showing only parental alleles. The 941ines for the 
mapping population were arrayed in a 96-well plate along with the inbred lines B73 and 
Mo 17. 
The DNA for both populations was isolated using a CTAB extraction procedure 
(Saghai-Maroof et al., 1984) using ground lyophilized leaf tissue. 
SSR loci selection 
This study focuses only on chromosome 1 to increase the density of marker coverage 
to a level necessary for high-resolution mapping. Chromosome 1 was chosen because over 
1 SO SSR and RFLP loci have been placed on IBM chromosome 1, resulting in a 
chromosome with one of the highest map densities in the maize genome (Sharopova et al., 
2002). The selected lines of the IBM4 and IBM 10 populations were genotyped at 75 SSR 
loci uniformly distributed along chromosome 1 (Table 2). 
The PCR primer sequences for the loci with prefixes "umc", "bnlg", and "phi" are 
available on http://www.maizegdb.org. The other SSR loci are listed by the accession 
numbers in which the SSR loci can be found. All SSR primers were designed to conform to 
a uniform annealing temperature of 60C and a PCR fragment length of 100-400 bases. For 
each S SR primer pair, the forward primer was S' -labeled with a fluorescent dye. Each 
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amplification reaction was performed in a l OuL reaction containing 1 X PCR buffer, 1.5 mM 
MgCl2, 0.2 mM dNTPs, 0.17 uM of each primer, 0.3 U AmpliTaq Gold polymerase, and 10 
ng DNA. These amplification products were pooled based on fragment size and dye color. 
The labeled amplicons were electrophoresed on the ABI Prism 3700 DNA Analyzer with an 
internal lane size-standard in each lane. The fragment sizes were analyzed with Gene5can 
v2. l and Genotyper v2.5 (Applied Biosystems, Foster City, CA). S SRs with >4% missing 
data were rerun on the ABI 3700. 
Segregation data at the SSR loci were collected for the IBM Syn4 and IBM Syn10 
populations. Many groups, such as UMC, ISU, and Pioneer, have already generated the SSR 
loci segregation data for IBM Syn4. For this study, the IBM Syn4 SSR segregation data 
were recollected to insure that the comparisons between the IBM Syn4 and IBM Syn10 
populations are performed under the same conditions and for the same set of loci. 
Analyses of segregation data and construction of linkage maps 
Each locus in the two .populations was screened for deviant allele ratios using 
Pearson's 2 anal sis to test for oodness of fit to the ex ected se a ation ratio of 1:1, the x Y g p ~' g 
ratio of B73 to Mo 17 alleles. After ordering the loci by map position, the x2 of adj acent loci 
were compared to identify regions of deviant allele ratios. Loci with high x2 without ad' acent J 
loci with high x2 values were checked for systematic whole-loci genotyping errors. 
S SRs bnlg 1203 and bnlg43 9 had no recombination events between them in either 
population. After comparing amplicon sequence for the both loci, they were identified as the 
same locus. Bn1g1203 was dropped from this study since it was not a unique locus. Another 
pair of adj acent SSR loci also showed no recombination between them and. -were determined 
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to be assaying the same SSR loci. Only one of these redundant SSRs, AX146898.1, was 
used for further linkage analysis. 
IBM syn4 and IBM syn l O linkage maps for chromosome 1 were created by 
calculating recombination fraction between loci, identifying significantly linked loci, and 
comparing the likelihood of a loci order to alternate loci orders. Some intervals between 
adjacent SSRs were greater than the 0.40 recombination fraction limit and could not be 
linked. In these cases, the 2003 version of the IBM2 public map available. on 
http://www.maizegdb.org, was used as a reference for orienting the linkage groups on 
chromosome 1. 
The linkage groups were constructed using MAPMAKER, Version 3.0 (Whitehead 
Institute, Cambridge, MA) using the RI self function. The. linkage groups were established 
by using the `group' command at a minimum LOD (logarithmic odds ratio) of 3.0 and a 
maximum recombination frequency of 0.40. Loci were ordered within their linkage groups 
using the `order' command at LOD 3.0. The loci order of each population was determined 
separately, and the "best order" given by MapMaker was used, even if it .was not 
significantly different (LOD > 2.0) than alternative orders. The loci order was checked with 
the `ripple' command (LOD 3.0, window size of 5 loci). An order was considered better than 
an alternative order when a log likelihood threshold of 2.0 was reached. Linkage groups 
were joined, although not statistically, based on previously published map order in the 
genetic map IBM2 on http://www.maizegdb.org.
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Analyses of recombination fractions 
After establishing the order of loci using MAPMAKER, a pairwise comparison was 
performed between adjacent loci. The observed recombination fraction (R) estimates the 
probability of observing a recombination between two loci and was calculated in an interval 
basis by: 
R=K/N 
where K =the number of recombinants, and N =the total number of observations. The 
observed recombination fraction was calculated for both the previously estimated loci order 
suggested by IBM2 (Table 2) and the loci order best estimated by MAPMAKER for this 
study. 
Converting recombination fractions to a single meiosis basis 
The observed recombination fraction (R) was converted to the recombination fraction 
for a single meiosis basis (r) using the formula provided in Winkler et al., 2003. The 
relationship between R and r in an intermated recombinant inbred (IRI) population is 
described as: 
R= '/2[ 1-[(1-2r)/(1+2r)] *(1-r)t] 
where R=the observed recombination fraction, r=recombination fraction adjusted to a 
single meiosis basis, and t=number of generations of random mating after the FZ generation. 
Using this formula, the expected increased recombination between syn4 and syn10 can be 
calculated. Intermated genetic maps have more expected recombination between linked loci, 
and therefore, greater map distance between loci relative to the genetic maps with no 
intermating. Conversion of the observed recombination fractions in the IBM syn4 and IBM 
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syn10 maps back to a single meiosis generation is needed in order to compare these 
intermated maps to other maize genetic maps. 
Converting recombination fractions into map distances 
The Haldane mapping function was used to convert the observed recombination 
fraction (R) into map distances in centiMorgans (cM) (Haldane, 1919). The recombination 
fraction does not account for double crossovers; therefore, a mapping function must be 
applied. Kosambi's mapping function would be inappropriate for the random mating 
population structure over multiple generations because Kosambi's mapping function 
incorporates a map adjustment to account for crossover interference. Since intermated 
populations have multiple generations of meioses, a mapping function_ that does not adjust for 
crossover inference, such as Haldane's mapping function, is used. Haldane's mapping 
function is: 
m = -0.5 log (1-2R) 
which is the relationship between the recombination fraction between two loci (R) to 
Haldane's map distance (m). 
Results 
Linkage maps 
The additional generations of random mating in IBM syn 10 resulted in a population with 
more recombination and greater locus order resolution. The IBM syn 10 map represented a 
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1.8 times longer cM map than syn4 (865.13 cM vs. 462.7 cM). The average distance 
between loci in syn4 (syn10) was 6.4 cM (12.0 cM) and the median distance was 3.6 cM (6.5 
cM). The sum of the observed recombination fractions (R) was 7.94 in syn4 and 12.15 in 
syn10, representing a 1.53-fold increase in recombination due to additional random mating 
(Table 3). Despite this increase, the IBM syn4 population had 14 out of 73 intervals with 
higher recombination frequencies (R) than syn10 (Table 2). 
With IBM syn4 population, the `group' function formed three linkage groups with 
linkage groups sizes ranging from 3 to 55 loci. The average number of loci in a linkage 
group was 241oci and the median number was 8.O loci: The- average cumulative length of a 
linkage group was 119.3 cM. Bn1g1484 was unlinked. 
The 73 loci in the IBM syn10 population formed lO linkage groups with between 2 
and 15 loci each. The average number of loci in a linkage group at LOD 3.0 was 71oci and 
the median number was 6.O loci. Of the 73 loci, 721oci formed linkage groups, with 
bn1g1484 unlinked, as in syn4. The average distance of a linkage group was 39.2 cM. In all 
cases, SSR loci that could not be linked in syn4 could not be linked in syn10. 
Loci order 
The main purpose of a higher resolution mapping population is to resolve the orders 
of closely linked loci. The IBM syn 10 mapping population indeed had more observed 
recombination events, but the location of these events is also important. When comparing 
these "best orders" to published SSR positions on IBM2, syn4 had five tightly linked SSR 
pairs whose order did not match IBM2. Syn 10 had three S SR pairs in a different loci order 
than in IBM2. 
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In both IBM syn4 and IBM syn10 there were three. intervals each with no occurrences 
of recombination (Table 2), with only the interval between phi308707 and A85269.1 
showing no recombination in both populations. The sequences of these two loci were 
compared to ensure they were different S SR foci. 
In syn4, there were 13 pairs or triplets of tightly linked loci whose order could not be 
resolved at LOD > 2.0. In the syn 10 population, there were 10 pairs or triplets of unresolved 
tightly linked loci. An example of the increased resolution is illustrated by the adjacent loci, 
bn1g1597 and umc 1431. In the syn4 population, bnlgl 597 and umc 1431 had a 
recombination fraction of 0..010 and the order could not be resolved at LOD >2.0. In the 
syn10 population, the same interval had a recombination. fraction of 0.032 and could be 
resolved. 
Calculating single meiosis generation (r) 
After converting the maps to an single meiosis basis, the sum of the adjusted 
recombination fractions (r) were similar for both syn4 and syn10 with 2.59 and 2.74 
respectively (Table 3). The total map distance in a single meiosis generation is, by 
definition, expected to be similar for syn4 and syn10. A backcross population would have a 
1:1 ratio between R and r. 
Segregation distortion 
In the absence of selection, allele transmission in a mapping population should adhere 
to an expected 1:1 ratio of parental alleles. The allele frequency in the IBM syn4 population 
was 50.5% B73 alleles and 49.5% Moll alleles. The IBM syn10 population showed some 
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deviation from the expected alleleic ratios with 54.2 % B73 alleles and 45.8% Mo 17 alleles. 
In the IBM syn4 population, 26 loci (or 35%) showed significant deviation (P < 0.01) from 
the expected ratio. In the IBM synl0 population 17 loci (or 23%) deviated significantly (P < 
0.01) (Figure 2). Of the loci with deviant allelic ratios, 7 loci showed distortion in both of 
the populations. Of the loci showing significant deviation (at P < 0.05), IBM syn4 had two 
sections of contiguous loci with a high frequency of B73 alleles (from bn1g1484 to umc2229 
encompassing eight loci and from umc 1297 to umc 1924 encompassing twelve loci) and one 
stretch of contiguous loci with a high frequency of Mo 17 alleles (from est4.96886 to 
umc2241 encompassing 1 S loci). IBM syn 10 contained fewer loci within regions of 
segregation distortion. The region from bn1g439 to umc2112, containing nine loci, had a 
high frequency of B73 alleles, and the region from phi265454 to umc 1862, encompassing 
five loci, had a high frequency of Mo 17 alleles. In IBM syn 10, there were six. cases of loci 
showing deviant allele ratios without an adjacent deviating locus. In IBM syn4, all the loci 
displaying deviant allele ratios were within contiguous segments of loci with deviant allele 
ratios. 
Discussion 
Observing recombination in high-resolution maps 
In the six additional generations of intermating from IBM syn4 to syn10, the observed 
recombination fractions increased 1.53-fold. This increase conforms to the predicted 
increase in recombination fractions from six additional generations of intermating. The 
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expected increase in recombination fractions from intermating is dependent on the genetic 
distance between loci in the single meiosis generation, or (r~). According to the formula 
relating R and r in IRI populations, there should be 1.70-fold increased recombination in a 1 
cM interval (y =0.010, t=4; ~ 10) between syn4 and syn 10 and a 1.3 6-fold increase in a 10 cM 
interval (r=0.1000, t=4; t=10) (Winkler et al., 2003). The average interval between-loci 
assayed in this study was approximately 3.8 cM, at which a 1.58-fold increase is expected 
from six additional generations of intermating (~=0.0380, t=4; t=10). Differences in the 
observed recombination fraction could be due to uneven spacing of SSR loci along 
chromosome 1. 
To put a 1.5-fold increase in recombination into perspective, we can calculate the 
expected recombination fractions for our current high-resolution maize mapping population, 
IBM syn4. After four generations of intermating, there should be 1.96-fold increased 
recombination in a 1 cM interval (r=0.010, t=0; t=4) and a 1.69-fold increase in a 10 cM 
interval (r=0.1000, t=0; t=4). This suggests the intermating between the syn0 and syn4 
generations has a greater impact on recombination fractions than between the syn4 and syn 10 
generations. 
The increased amounts of recombination can be translated into increased mapping 
resolution best if the recombination events are uniformly distributed across the genome. 
Recombination "hot spots" and "cold spots" are regions with recombination rates much 
higher and lower, respectively, than the genome average. The frequency of recombination 
can vary several magnitudes from one region to another (Paques et al. 1999). In many 
organisms recombination appears to occur more frequently in gene-rich regions. . Most of the 
known recombinational hotspots in the maize genome are in genes (Yao et al., 2002), even 
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though over 50% of the maize genome is made up of moderately to highly repetitive. 
elements (Meyers et al., 2001). For example, the 32 kb bronze (bzl) locus in maize is a well- 
characterized recombination "hotspot' correlated with a much higher than normal gene 
density and no retrotransposons (Fu et al., 2001).. 
Within high-resolution mapping populations, it could be expected that loci within 
recombination "hot spots" or "cold spots" would display rates of recombination different 
than the genome average.. In "hot spots", genetic, map distance would be disproportionately 
expanded compared to physical distance. In these regions, the genetic map distance would 
be overestimated relative to the average cM/kb ratio. Alternatively, in recombination "cold 
spots", such as centromeres, the genetic distance would be underestimated relative to the rest 
of the genome. 
Causes of variation around R 
With a population size of 94 individuals, variations around R due to sampling could 
be responsible for some of the. differences seen between syn4 and synl 0 for tightly linked 
loci. The theoretical map expansion. of a 1 cM interval in syn4 is 1.70cM in syn 10, calculated 
from the formula relating R and r in IRI populations. Ina 1 cM interval, only one 
recombinant is expected in a population of this size. Due to random sampling of the lines, it 
is possible. to observe more or less recombinants than expected. In the syn 10 population, 
there were 14 intervals with less recombinants than in syn4, and of these only one had a 
difference of more than five recombinants. Most of the differences resulted in the syn 10 
interval being between 1 to 4 cM smaller than the syn4. This could be accounted for by 
sampling (either over-observing recombinants in the syn4 or under observing recombinants 
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in the syn 10), undetected double-crossover events in syn 10, or fewer recombination events in 
that interval in syn 10. Since these populations are from the .same parental background, it is 
unlikely that the physical distances of intervals are different. 
Another cause of variation around R is genotyping error. A single genotyping error 
can have a large impact on closely linked loci. In this study, two pairs of SSR loci were 
genotyped and scored independently for a total of 368 independent genotype. allele calls. 
These S SR marker pairs were determined to be redundant after sequence analysis. Since 
there were no .differences between genotypes of the pairs, it can be concluded that the error 
rate in this study is relatively low. This allows for more confidence in the orders of closely 
linked loci. 
Segregation distortion 
Segregation distortion at loci has frequently been identified in the construction of 
maize genetic maps (Lu et al., 2002; Lee et al., 2002, Sharopova et al., 2002). Factors 
affecting the segregation distortion could be caused by physiological, genetic, or 
environmental selection, all of which could affect the transmission of alleles to the next 
generation. Some biologically selective agents include gametophytic factors, preferential 
fertilization, and pollen lethals (Lu et al., 2002). Segregation distortion can also occur by 
chance in high-resolution mapping populations. 
Both the syn4 and syn 10 populations showed deviation from the expected allelic 
ratios. Both populations had the same two regions skewed toward B73 alleles and one region 
skewed toward Mo 17 alleles. The regions skewed toward B73 also showed higher allelic 
ratios of B73 on a B73xB52 RI map (Cardinal et al., 2001). The region skewed toward 
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Mo17 did not display segregation distortion on the Mo17xH99 RI map (Lu et al., 2002 ) 
suggesting there may not be a clear biological cause for the observed allelic ratios. 
The size of these regions of segregation distortion varied between the two 
populations, with syn10 displaying smaller regions of segregation distortion. This could be 
due to the greater decay of linkage disequilibrium in the syn10 population. In the syn4 
population, a locus showing segregation distortion was more likely to have adjacent loci with 
significant segregation distortion, possibly due to loci linkage. Interestingly syn4 had 26 loci 
showing significant deviation (at p<0.01) whereas syn10 had 17 loci. Some possible 
explanations of this could be the increased linkage disequilibrium in syn10, the selfing 
process used to create RILs for syn4 (since syn10 used a DH process), or chance sampling 
differences. 
Mapping within high-resolution mapping populations 
Map resolution increases .with greater number of meioses because there is a greater 
likelihood of observing a recombination event between linked loci. The number of meioses 
can be increased in a population by either adding more individuals or increasing the 
generations of random mating. In order to observe the increased level of recombination, 
IBM syn 10 requires a higher marker density compared to IBM. syn4. High marker density is 
also needed in higher-resolution mapping because the intervals between previously linked 
loci may approach a recombination fraction of 0.5. For example, a 20 cM interval in syn4 
maybe 3 0 cM in the syn 10 population. Alternatively, it might be suggested that initial 
mapping in syn10 be performed on a larger panel of individuals to create a framework map. 
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Then future mapping of specific loci could be done with a smaller panel of individuals to be 
placed on this framework map. 
In summary, the additional generations of random mating in IBM syn l 0 may result in 
more accurate map positions of loci on a genetic map. Map positions are always estimates of 
genetic distance and will have variation due to sampling of the lines, genotyping error, and 
the relative randomness of recombination events. With the larger number of recombination 
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Parent 1 (B73) x Parent 2 (Mo17) 
















selfing  ♦ IBM syn4 
~ DH process 
synlo RM  -► IBM syn10 
Figure 1. The development of Intermated B73 x Mo17 (IBM) mapping populations. The F2 
generation was randomly mated (RM) for four generations to create syn4. Syn4 was selfed 
repeatedly to create the IBM syn4 recombinant inbred mapping lines. Syn10 received six 
additional generations of RM after the syn4 generation and then was made inbred through a 
doubled haploiding process to create the IBM 10 mapping population. 
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Table 1. Twelve highly polymorphic SSR markers used to insure the lines for IBM Syn10 
have only the expected parental alleles. The bnlg and umc primer sequences are available 
from Maize GDB, and the other S SRs are listed by associated accession numbers. The repeat 
information is from MaizeGDB, unless denoted with an *, indicating Pioneer information. 
Marker Chromo. Repeat Type # of Repeats 
1 BG837598 1 tri (AAC)4* 
2 bng11331 1 di (AG)16 
3 bn1g1017 2 di (AG)18 
4 bn1g1019 3 di (AG)28 
5 BZ639889.1 4 di (AG)13* 
6 bn1g1208 5 di (AG)10 
7 umc 1002 6 di (AT)10 
8 umc 1006 6 di (AG)19 
9 AY104300.1 7 di (AT)5* 
10 umc 1483 8 tri (ACG)4 
11 bn1g2122 9 di (AG)17 
12 bn1g1450 10 di (AG)34 
40 
Table 2. The SSR loci used for genotyping along with chromosome 1 map positions. from 
the IBM2 genetic map (www.maizegdb.org). This table compares the number of 
recombination events observed between adjacent loci in the syn4 and syn10 populations. 
41 
i able 2. 
Map position 
on IBM2 SSR Loci 
Recombinants 
observed in Syn4 
Recombinants 
observed in Syn10 
-2.3 phi056 1 2 
0 umc1354 ~ 8 11 
10.5 umc1177 ~ 38 36 
66.9 umc1041 7 12 
82.8 bnIg1014 1 0 
83 BG837598 2 16 
85.2 umc1071 0 1 
86.3 umc1269 0 6 
87.4 umc2012 9 34 
101.7 umc1484 5 5 
103 umc1685 13 14 
110.9 umc2224 ~ 24 27 
141.8 umc1568 2 4 
143.5 bn1g1429 24 41 




170 38 43 
.219 bn1g1484 28 24 
259.1 bn1g439 17 ~ 24 




292. 16 24 




397.3 6 7 
401.2 bnIg2086 1 0 
401.3 umc2112 8 15 
412 umc1734 1 5 
417 umc2025 8 21 
425 umc1297 5 12 
438 CC977474 7 9 
453.9 umc1703 ~ 8 18 
467 umc1906 14 38 
496 umc1754 11 10 
517 umc1508 20 11 
535.5 umc1123 7 16 
544 umc1281 ~ 8 5 
548.4 umc1396 2 6 
555.8 umc1919 ~ 6 3 
557.6 bn1g1615 4 8 
560 umc1668 13 23 
593.8 umc1924 20 27 
606 CG218947 11 8 
618.5 umc2237 ~ 
~AX146898.1 
13 10 
647 21 24 
658.6 bn1g1556 8 15 
670 umc1833 26 30 
700 BZ824885 18 28 
720.9 phi002 1 3 
721.9 umc1245 21 43 
777.4 umc1838 3 7 
781.6 umc1446 9 12 
800.7 umc1991 2 1 
805 CG214890 1 4 
805.3 umc1383 ~ 14 11 
815 CC984374 3 22 
821 BZ750340 15 33 
839.3 phi011 2 21 
842.3 umc2047 1 16 
847 bn1g1331 12 19 
886 bn1g1597 1 3 
886.1 umc1431 21 40 
927.4 CC984374 0 0 
928 A85269.1 26 41 
973 phi265454 9 5 
1007.6 umc1553 5 6 
1010.2 
~umc1129 
umc1421 7 g 
1019 5 11 
1023.3 umc1862 2 6 
1031 umc2241 19 36 
1051 umc1220 24 27 
1097.4 phi227562 4 16 
1103 phi064 
42 
Table 3. Comparison of genetic linkage results in IBM syn4 and syn10. 
IBM syn4 IBM syn10 
Number of linkage groups 3 10 
Number of unlinked loci 1 1 
Number of intervals without recombinants 3 3 
Number of loci with unresolved order 31 24 
Map length (cM) 462.7 865.1 
Sum of R 7.94 12.15 
Average R 0.11 0.17 
Median R 0.08 0.13 
Sum of Rec. fraction converted to an F2 basis (r) 2.59 2.74 
Average Rec. fraction converted to an F2 basis (r) 0.036 0.038 
43 
Figure 2. IBM syn4 and IBM syn 10 genetic linkage maps of chromosome 1. Interval 
distances in Haldane mapping units on the right of the bar with cooresponding SSR loci on 
the left. The recombination fractions were not adjusted to a single meiosis basis. Loci order 
with less than a 2.0 log likelihood indicated in red. Loci with deviation from 1:1 parental 
alleles listed as * p < 0.0.5, * * p < 0.01, * * * p < 0.001. The solid bar on the right of the maps 
indicates the loci are skewed toward B73, and the dashed bar indicates loci skewed toward 
Mo17. 
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QO ^ R-IIOS6 
IBM syn10 ;.°~~~;~ 
44.1 ~ f 
UV1C1041 
53.0 ~-~ ~1G1014 BG837508 
60.1 ~~~ l.MC2012 
626 %~~ 1MC1071 
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934 ~~-` l.MC1685 
101.6 ~'~ uviC2224 
121.5 lA1AC 1 ~3 
123.5 ~ BSI 1G14?9* 
176.1 BVLG1127 
176.6 J~~ BZ615Hi2 
178.0 BdLG1953 
237.3  BN LG1484 
253.1 BNGL439'`** 
26fi6 ~~ UNC1514*** 
28Q0 1MC1598*"' 
280.5 -u lAAC14S2**' 
297.6 ~ / UVIC2217** 
303.7 ~._./' UUlC1917** 
315.2 ~ l.MC2229*** 
318.8 ~~~ ~ LG2U86'`` ~C'?11'x"* 
32fi9 ~~`  l.MC2025 
329 4 UVIC 1734 
337.9 ~ 1 ~ l.MC1297 
344.3 ~j' - ~\~ OC977474*" 
3491 -/ ~ UVIC1703* 
360.0 ~~ UVIC1906 
39&0 UNC1754 
403.2 WIC1508* 
409.1 ~ l.MC1123* 
41&1 ~'~ UNC1281 





474.7 ~~i OG218947 
479 0 ~ ~ W1C2237 
484.3 ~~~ AX146898.1 
496.8 QV LG1556 
505.5 l.MC1833 
52&4 X824835*"' 
548.1 ~~ Fli1032 
549.5 1MC1246 
6030 L/ l,MC1838 
606.6 WIC1446 
6130 ~ UiliC1991 
6135 J~,  \` 03214890 
615.5` l.MC1383 
621.4 ~~ OC984374 








7831 '`~ l.MC1553*** 
786.0 l.MC1421 * 
7906~~ l.MC1129*** 

















APPENDIX: ADDITIONAL TABLES AND FIGURES 
46 
Table 1. The chi-square calculated on a per locus basis to test for segregation distortion. 
Deviations from the expected 1:1 of parental alleles are shaded (p=0.05) in the toward the 


































































































































































































































































































































phi056 51 43 
umc1354 53 39 
0.68 
2.13 
umc1177 54 38 2.77 
umc1041 46 44 0.04 
bnIg1014 40 33 
BG837598 50 44 
0.71 
0.38 
umc1071 47 47 0.00 
umc1269 44 48 0.17 
umc2012 45 49 0.17 
umc1484 55 39 2.72 
umc1685 55 38 3.11 
umc2224 50 40 1.13 
umc1568 56 38 3.45 
bn1g1429 ~.aZ~ ~~~~ 34 5.32 
bn1g1127 49 45 0.17 
BZ615632 50 44 0.38 
























umc2112 ~ _ .~ 28 13.83 
umc1734 53 40 1.81 
umc2025 54 38 2.78 
umc1297 56 38 3.45 
CC977474 ~?~, ~-~~' 34 6.72 
umc1703 37 3.88 
umc1906 50 42 
umc1754 54 40 
0.70 
2.09 
umc 1508 37 
umc1123 air._ z~a~y 37 €:::ova , t. 
3.88 
4.26 
umc1281 45 49 0.17 
umc1396 43 50 0.53 
umc1919 42 50 0.70 
bn1g1615 43 48 0.36 
umc1668 ~~~ 23 10.59 
























CG218947 36 54 
umc2237 43 51 
3.62 
0.68 
AX 146898.1 45 47 0.09 
bn1g1556 48 43 0.36 
umc1833 48 44 
BZ824885 ~~~~,; `~~ 26 




umc1245 45 49 0.17 
umc1838 40 54 2.09 
umc1446 45 48 0.10 
umc1991 39 55 
CG214890 39 52 
2.72 
1.89 
umc1383 39 55 2.72 
CC984374 38 55 
BZ750340 43 51 







































umc1220 52 42 1.06 
phi227562 28 11.85 
53 37 2.84 
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